Cao T-S. Effects of acute cold exposure on carotid and femoral wave intensity indexes: evidence for reflection coefficient as a measure of distal vascular resistance. J Appl Physiol 110: 738-745, 2011. First published November 18, 2010 doi:10.1152/japplphysiol.00863.2010.-Our aim was to investigate the effects of acute cold pressor test (CPT) on augmentation index (AI) and wave intensity (WI) indexes from right common carotid artery (RCCA) and right common femoral artery (RCFA) and to test whether the reflection coefficient (RC) from wave intensity analysis can reflect the distal vascular resistance (DVR) accurately. Forty-three healthy males were randomly selected for measurements at baseline and 1 min after CPT at RCCA or RCFA. CPT induced similar increases of heart rate and blood pressure in RCCA and RCFA groups with their pulse pressures unchanged. The W2 (the second peak of WI) was too obscure in RCFA to be analyzed. The W 1 (the first peak of WI) of both arteries, W 1-W2 (interval between W1 and W 2), and NA (negative area between W1 and W2, indicating reflected waves) of RCCA and the R-W 1 (interval between the R wave of ECG and W 1) of RCFA decreased obviously, whereas the W2 and R-W1 of RCCA and the RC (calculated as NA/W 1) of RCFA increased with no changes in the RC of RCCA and the NA of RCFA during CPT compared with baseline. The AIs from both arteries increased significantly after CPT. These results suggested that acute CPT has opposing effects on cerebral and peripheral vascular resistances, with the former decreased and the latter increased. The RCs from RCCA and RCFA are more associated with the changes of cerebral and peripheral vascular resistances, respectively, than the NA and AI, and the RC is of guiding value in assessing DVR.
THE ASSESSMENT OF DISTAL VASCULAR RESISTANCE (DVR) is important to many clinic events (19, 26, 29, 48, 52) . Some environments or lesions, such as hypoxia, hyperventilation, ascent to high altitude, the rupture of atherosclerotic plaques, subarachnoid hemorrhage, and rejection of renal transplantation, will cause marked changes of vascular resistance in the vital organs including heart, brain, kidney, or lung (21) . In these situations, accurate assessment of regional vascular resistance is of great clinical value for intervention and predicting the efficacy and prognosis. As we know, in the circulation as a whole, the relationship between pressure and flow can be used to describe peripheral arterial resistance, but in regional vascular beds of these vital organs, this is difficult without direct instrumentation. Although the Doppler flow-derived resistive index (RI) and Gosling pulsatility index (PI) are often considered to reflect vascular resistance peripheral to the measuring location, more and more concerns have been raised about relying solely on RI and PI as measures of DVR (9, 31, 48) . Hence, there is considerable interest in simple, noninvasive methods for accurate assessment of regional vascular resistance. Recently, wave intensity analysis (WIA), which can separate measured pressure and flow waveforms into their forward and backward components (20, 61) , has been applied to resolve complex upstream and downstream events within the cardiovascular system (4, 46, 55) , such as ventricles of the heart (34, 57, 60) , aorta (25) , pulmonary artery (18, 53) , and coronary artery (58) . Forward waves, which are the major determinants of ejection, originate from the left ventricle and travel toward the periphery, whereas backward waves are reflected from the periphery and travel to the heart. Some researchers (46, 55) have supposed that the backward wave would be caused by reflection from the distal vascular "breach" and that the magnitude of this reflected wave would be altered by changes in distal vasomotor tone or DVR; hence, the wave reflection (WR) from WIA might provide a simple, noninvasive means of assessing changes of DVR. This hypothesis has been partly verified by Bleasdale et al. (3) with the conclusion that carotid WR from WIA can reflect the change in cerebral vasomotor tone due to alteration in arterial PCO 2 . To further confirm the viewpoint and extrapolate it to other vascular beds, we observed the changes of carotid and femoral arterial augmentation index (AI) and wave intensity (WI) index during acute cold pressor test (CPT), which is a classic experimental design to cause generalized sympathetic activation with significant alterations in cerebral and peripheral vascular resistances. 
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METHODS
Subjects. Forty-three apparently healthy young men, as assessed by medical history questionnaire, participated in this study. None of them were taking any medication. They were randomly assigned to two experimental groups: one (n ϭ 22) for examining the right common carotid artery (RCCA) and the other (n ϭ 21) for examining the right common femoral artery (RCFA). They were all nonsmokers and refrained from tea, alcohol, and coffee for at least 24 h before the study. The local Research Ethics Committee approved the protocols, and all subjects gave written informed consent.
Measurements. Studies were carried out in a temperature-controlled (22ϳ24°C) physiological laboratory. All measurements were performed in the morning between 9:00 and 11:00 AM, at least 2 h after a light meal, with the subjects in a supine position while awake.
RCCA and RCFA were scanned 2 cm proximal to their bifurcations, to avoid any influence of the complex flow in the bifurcations. The pulsatile diameter difference and flow velocity were evaluated with a WIA system (ProSound ␣10, Aloka, Tokyo, Japan) that has a color Doppler system for blood flow velocity measurements and an echo-tracking subsystem for diameter change measurements. A detailed description of the methodology and reproducibility in this technique has been published previously (39) . All WI measurements were performed by a single trained sonographer with a 5-to 13-MHz linear-array probe (5 MHz for color Doppler, 10 or 13 MHz for echo tracking) kept stationary throughout the examination. The means of six stable measurements were used for the final analysis. During WI measurement, the blood pressure (BP) was recorded simultaneously (HEM-7052; Omron, Kyoto, Japan) at the right upper arm, which was kept immobile at the heart level, and the electrocardiogram was continuously monitored.
WI at any time and at any site of the circulation during the cardiac cycle was calculated as the product of the time derivatives of blood pressure and velocity (dP/dt ϫ dU/dt). Changes in arterial pressure were estimated from the changes in arterial diameter, calibrated by measured brachial BP. The WI include two intensive indexes (W 1, the first positive peak, and W2, the second positive peak), two temporal indexes (R-W1, the interval between the R wave of ECG and W1, and W1-W2, the interval between the W1 and W2), and NA (the negative area between W1 and W2), which indicates the effects of WR. W1 represents a forward compression wave produced during early systole that accelerates the aortic flow and increases the pressure, whereas W 2 is a forward expansion wave that decelerates the flow and closes the aortic valve. In midsystole, NA represents backward waves reflected toward the heart from the periphery.
The other two WR-related indexes, AI and reflection coefficient (RC), were also measured. AI is the ratio of augmented pressure (i.e., the pressure difference between the "shoulder" of the ascending part of the pressure curve and the peak pressure) to pulse pressure (11, 37) and was calculated from the diameter-derived pressure waveform using the third derivative method to identify the arterial pulse inflection point (43) by the machine in the present study.
AI ϭ ⌬P/PP, where ⌬P ϭ Ps Ϫ Pi, Pi is the pressure at the inflection point marking the beginning upstroke of the reflected pressure wave (35) , Ps is the systolic BP, Pd is the diastolic BP, and PP (pulse pressure) ϭ Ps Ϫ Pd.
RC ϭ NA/W 1, which is equivalent to the negative area of the reflected wave normalized for the magnitude of the initiating forward wave (3) .
To reduce motion artifacts, subjects were secured with their heads fixed in a foam padding pillow. To prevent inadequate measurements and to minimize the effects of unstable positioning of the handheld probe, the following three conditions are necessary. First, the far and near intima-media thickness (IMT) of arteries with anechoic lumen should be clearly visualized; its velocity and diameter variation curves along this segment should be relatively stable. Second, the probe must be held as stable as possible to enable visual inspection of the echotracking signal to make sure that there is neither inadequate insonation nor transducer movement. Last, the manipulation must be gentle enough so as not to put the external mechanical force on the carotid sinus baroreceptor. Both arteries were examined thoroughly at full length to exclude regional hemodynamically relevant stenosis. Subjects with such stenosis were not found in the study.
Experimental protocol. Test data were recorded using the following steps. For baseline data, each subject was asked to relax and calm down in a supine position for 15 min before WI were recorded. For CPT data, to avoid probe shift, subjects immediately immersed their left hands up to the radial styloid apophysis in ice water (0°C) for 1.5 min (the recording began at 1 min) after baseline data were recorded. Subjects were told to avoid isometric contraction, Valsalva maneuvering, or holding expiration and were instructed to close their mouths and breathe only through their noses throughout the entire procedure to avoid affecting hemodynamic parameters.
Reproducibility. Intraobserver intersession variabilities of the arterial diameter, BP, AI, RC, and WI indexes were evaluated in 15 healthy volunteers undergoing 2 investigations at an interval of 1 day. The variability was calculated using Bland-Altman analyses (2) and expressed as a percentage of 95% confidence limits of the difference (calculated as ͌ 2 SD) from the mean value of the paired measurements.
Statistical analysis. The difference between variables of the two arteries was investigated by means of an unpaired t-test. Withinsubject means were compared using paired Student's t-test. Pearson's correlation was used to analyze the relationship between AI and NA or RC. Statistical analysis was performed with the statistical software SPSS 15.0 (SPSS, Chicago, IL). For all tests, values of P Ͻ 0.05 (2-tailed) were considered statistically significant.
RESULTS
All subjects completed the experimental trial. Common characteristics of the RCCA and RCFA groups are presented in Tables 1 and 2 . Both groups were comparable at baseline for age, height, weight, body surface area (BSA), body mass index (BMI), heart rate (HR), and BP. After the beginning of the CPT, the two groups had a similar increase in the HR, Ps, Pd, and mean arterial BP (MAP), with no change in their PP (Table 2) , which facilitated the comparisons between the two groups at the same CPT response level. The maximum and minimum diameters of RCCA increased slightly (P Ͻ 0.05), whereas those of RCFA did not change during CPT. CPT caused a marked decrease in pulsatile diameter difference at both arteries (P Ͻ 0.001) as shown in Table 2 .
W 1 of both arteries, W 1 -W 2 of RCCA, and R-W 1 of RCFA decreased markedly (P Ͻ 0.01), whereas W 2 and R-W 1 of RCCA increased (P Ͻ 0.01) during CPT compared with baseline as shown in Table 2 and illustrated in Fig. 1 . NA of RCCA decreased apparently (from Ϫ56.3 Ϯ 36.7 to Ϫ37.7 Ϯ 25.1 mmHg·m·s Ϫ2 , P Ͻ 0.01) with no significant change in NA of RCFA (from Ϫ14.9 Ϯ 11.7 to Ϫ20.3 Ϯ 18.6 mmHg·m·s Ϫ2 , P Ͼ 0.05) after CPT. AI significantly increased (from Ϫ1.16 Ϯ 10.94 to 5.51 Ϯ 6.82% at RCCA, P Ͻ 0.05; from Ϫ2.06 Ϯ 3.48 to 0.60 Ϯ 4.44% at RCFA, P Ͻ 0.01) in both arteries, whereas RC of RCFA increased (from Ϫ0.81 Ϯ 0.84 to Ϫ1.93 Ϯ 2.52 ms, P Ͻ 0.05) with no change in RC of RCCA (from Ϫ4.18 Ϯ 2.34 to Ϫ4.17 Ϯ 1.88 ms , P Ͼ 0.05) after 1 min of exposure to the cold as presented in Table 2 and Fig. 2 . The AIs from both arteries did not correlate to their NA or RC (data not shown).
W 1 of RCFA was obviously higher, and its NA and RC were less than those of RCCA at baseline and during CPT (P Ͻ 0.05). R-W 1 markedly prolonged at RCFA compared with that at RCCA (P Ͻ 0.001) as shown in Table 2 .
The intraobserver intersession variability was very low (Ͻ3%) in the temporal indexes (R-W 1 and W 1 -W 2 ). The diameter, BP, and W 1 of RCCA showed a lower variability (Ͻ15%), whereas W 1 of RCFA, W 2 of RCCA, and NA and RC of both arteries showed a higher variability (15ϳ30%), with AI being of the highest variability (Ͼ30%) in both arteries (Table 3) .
DISCUSSION
To the best of our knowledge, this is the first study to examine the effects of acute CPT-induced changes in cerebral and peripheral vascular resistances on AI and WI indexes from RCCA and RCFA. The primary findings of this study are as follows: 1) acute CPT has opposing effects on cerebral and peripheral vascular resistances, with the former decreased and the latter increased; 2) AIs from both arteries increased during CPT, and it could be speculated that they were related less to the increased WR but more to the increased pulse wave velocity (PWV) due to CPT; 3) RCs from RCCA and RCFA correspond respectively to the changes of cerebral and peripheral vascular resistances more tightly than NA and AI; and 4) RC is of guiding value in assessing the DVR directly.
CPT is known to evoke generalized sympathetic activation in subjects (59) . CPT can elicit a significant arteriolar vasoconstriction, with a subsequent marked increase in BP and a marginal increase in HR just as shown in the present study (Table 2 ). This will allow us to observe the simple effects of elevation in BP as well as the alterations in cerebral and peripheral vascular resistances on the AI and WI indexes and to compare their differences between RCCA and RCFA. WIA provides a series of important hemodynamic indexes that can be used to evaluate the working condition of the heart interacting with the arterial system. An advantage of WI is that it is measured in the time domain and thereby allows temporal events in the cardiac cycle to be resolved. WIA allows both upstream and downstream events to be resolved in terms of wave travel, which is a powerful technique that has provided increased understanding about a diverse range of cardiovascular phenomena. The conventional applications of WIA were often based on invasive methods. More recently, high-resolu- Values are means Ϯ SD; n ϭ 22 for right common carotid artery (RCCA) and 21 for right common femoral artery (RCFA). BSA, body surface area ϭ 0.0061 ϫ height ϩ 0.0124 ϫ weight Ϫ 0.0099; BMI, body mass index. NS, not significant. Values are means Ϯ SD; n ϭ 22 for RCCA group and 21 for RCFA group. WI, wave intensity; CPT, cold pressor test; Ps, systolic blood pressure; Pd, diastolic blood pressure; MAP, mean arterial blood pressure ϭ Pd ϩ (Ps Ϫ Pd)/3; PP, pulse pressure ϭ Ps Ϫ Pd; Ds and Dd, maximum and minimum diameter, where diameter is that automatically measured by echo tracking and does not refer to the real inner diameter but an approximation to the inner diameter plus the far and near intima-media thickness (IMT) of the examined vessel; DD, diameter difference ϭ Ds Ϫ Dd; W1, first peak of WI; W2, second peak of WI; NA, negative area between W1 and W2; R-W1, interval between R wave of ECG and W1; W1-W2, interval between W1 and W2; RC, reflection coefficient ϭ NA/W1; AI, augmentation index. Note: 1 mmHg ϭ 0.133 kPa.
a P Ͻ 0.05; b P Ͻ 0.01; c P Ͻ 0.001 vs. baseline in each group. d P Ͻ 0.05; e P Ͻ 0.01; f P Ͻ 0.001 vs. RCCA group at baseline and during CPT, respectively. tion arterial ultrasound scanning combined with Doppler technique has been employed for the noninvasive assessment of arterial WI. This novel technique will extend the applications of WIA in clinical settings.
Effects of CPT on WI indexes. The reduced W 1 in both arteries during CPT indicated a decrease in the cardiac contractility. Increased hydraulic work during CPT may increase left ventricular oxygen consumption, provoke myocardial ischemia, and hence contribute to decrease in cardiac contractility. Cold exposure may increase myocardial oxygen demand through an increase in BP secondary to the increased arterial stiffness and WR. The present study showed that W 1 was significantly higher in RCFA than in RCCA. A reasonable assumption, bearing in mind the similarity of HR in the femoral and carotid groups, is that cardiac contractility was comparable between the two groups, and the differences in wave power between the two sites may therefore have been mediated through differences in arterial wall structure, geometry, and branching (63) . For example, from the water-hammer equation (28) , it can be seen that as local wave speed increases, the forward component of pressure can be predicted to increase for a given change in velocity. This phenomenon can also be explained directly from the steepening of pressure wave during transmission along arteries (41). W 2 is a forward expansion wave generated at the end of systole by a decrease in myocardial shortening rate, which indicates that the relaxing left ventricle is applying a "braking" action on the column of flowing blood (25) . It results in a reduction in both arterial pressure and flow and contributes to the closure of the aortic valve (25, 44, 45) . It has been demonstrated that the amplitude of W 2 is related to the inertia force of aortic flow and to the speed of left ventricular relaxation during the period from near end-systole to isovolumic relaxation (40) . In the present study, the increased W 2 in RCCA was considered to mainly reflect the increased inertia force of the aortic flow near end ejection, resulting in enhanced left ventricular relaxation (56) during CPT. This result coincides with the viewpoint from Jones et al. (24) that unlike W 1 , which is sensitive to inotropic change and external load, W 2 is insensitive to inotropic change but reduced by vasodilatation. Thus the CPT-induced vasoconstriction will lead to increased W 2 as corroborated by our study. It must be pointed out that W 2 at the femoral site becomes too small in magnitude to be recognized as it travels distally from the heart. This is because W 2 is an expansion wave that becomes flatter and wider as it travels along the arterial tree, whereas W 1 is a compression wave that becomes steeper and narrower as it travels. Therefore, W 2 contributes less to pressure and flow reduction at the , mmHg, and cm/s, respectively; the horizontal calibration of time is in ms. The vertical lines on each graph from left to right represent the temporal points at the highest point of R wave in ECG, the zenith of W1 wave, the inflection point of pressure waveform, and the zenith of W2 wave, respectively. Top: recording at the right common femoral artery (RCFA). After CPT, W1 and R-W1 decreased with no change in NA. Bottom: recording at the right common carotid artery (RCCA). After CPT, W1, W1-W2, and NA decreased, whereas W2 and R-W1 increased.
end of systole in the peripheral muscular arteries compared with the central elastic arteries, such as the carotid and aortic arteries (63) .
It has been shown that the temporal indexes of WI from RCCA correspond to systolic time intervals: R-W 1 is about equal to the preejection period, and W 1 -W 2 is approximately equal to the left ventricular ejection time (39) . R-W 1 of RCFA is markedly longer than that of RCCA because the distance from RCFA to heart is much longer than that from RCCA to heart. The CPT-induced sympathetic activation can lead to an increase in peripheral arterial stiffness via vasoconstriction (5) and passively increase central elastic arterial stiffness via changes in arterial pressure, due to an inability to absorb pulsations from the heart and an increase in WR from the periphery (36, 38) . The increased R-W 1 and decreased W 1 -W 2 in RCCA indicated, respectively, the prolonged left ventricular preejection period and shortened left ventricular ejection time, both of which suggested reduced cardiac contractility during the present CPT as described above, whereas R-W 1 from RCFA decreased during CPT, which mainly implied an increase in regional PWV, reflecting increased conduit arterial stiffness (16) , perhaps due to increased BP.
Effects of CPT on cerebral and peripheral vascular resistances and their related indexes. In the present study, the acute CPT elicited an obvious increase in BP and a mild increase in HR, with previously demonstrated no distinct influence on left ventricular contractility (62) , which implied a strong peripheral vasoconstriction and a marked increase in systematic vascular resistance. However, previous studies have yielded conflicting information regarding the change of cerebral vascular resistance (CVR) during CPT. In the present study, we proposed a decreased CVR during the early period of CPT based on the following WR-related data analysis.
Previous in vivo work using aortic clamping or aortic balloon inflation to increase the local reflections resulted in either an increase in NA (49) or earlier onset and longer duration of NA (27) in the ascending aorta. Thus NA is associated with WR, which is mainly determined by DVR, but NA is a backward-traveling wave resulting from reflection of W 1 (30) , and so their amplitudes are related. Large changes in W 1 can produce large changes in NA that may mask smaller effects caused by changes in the behavior of the sites of reflection. To compensate for this, WR is also studied after normalizing for the size of W 1 , by dividing NA by W 1 to give a new index: RC. There are two methods for calculating RC. One is NA divided by the area of the W 1 wave, where the unit is a percentage (17, 18, 47) , and the other is NA divided by the magnitude of W 1 , where the unit is milliseconds (3) . RC analyzed in the present study belongs to the latter method. It has been reported that RC measured at the mitral valve is shown to be proportional to left ventricular stiffness, which indicates that increased operative left ventricular stiffness will increase the mitral RC so that a greater proportion of the incident forward compression wave (i.e., W 1 ) generated by left atrial contraction is reflected back toward the left atrium (17, 25) . Furthermore, RC has been proposed as a simple noninvasive means of assessing changes in cerebral vasomotor tone in vivo (3). Taken together, the nature of a reflected wave and the ratio of the reflected to the incident wave depend on the reflection site (45) , and RC can be used to evaluate the stiffness-related resistance in both heart and vessels. Therefore, although W 1 of both RCCA and RCFA V, intraobserver intersession variability; n ϭ 15 for RCCA and RCFA groups. decreased with CPT, as the distal vascular bed (reflection site) becomes stiffer, RC will increase irrespective of NA, and vice versa.
In the present study, NA was significantly higher in the carotid artery compared with that in the femoral artery. By normalizing for W 1 in each artery, it is apparent that there are differences in the amount of reflection at each site shown as a higher RC in RCCA compared with that in RCFA, which indicates that there are differences in impedance mismatching between the two different vascular beds. Although NA decreased in RCCA during CPT, the associated lack of change in RC implied that this increase was primarily a consequence of the fall in W 1 . In contrast to the marked increase in RC of RCFA, which could potentially reflect the increase of peripheral vascular resistance at limbs during CPT, the unchanged RC in RCCA appeared hard to interpret. This could not be explained except to suppose a decrease in CVR during acute CPT, which weakened WR to the right internal carotid artery (RICA); meanwhile, WR to the right external carotid artery (RECA) was strengthened due to the proved peripheral vasoconstriction. These opposing effects might cause no change in RC of RCCA, whose WRs are from both RICA and RECA.
Our result is inconsistent with some previous studies that show an increase in CVR during CPT. A possible explanation for this contradiction may be that CPT duration in our study was shorter than in those studies (1 min vs. 2-5 min or longer). According to the report by Johnson et al. (23) , the autoregulatory myogenic contractile response to increased BP (even when elicited by sympathetic activation) requires a longer latency before causing vasoconstriction, and during latency, a brief passive vascular expansion is expected to produce a transient reduction of resistance. Moreover, previous studies have found less adrenergic nerve density in small cerebral arterioles than in large ones and have demonstrated that the adrenergic receptor-mediated vasoconstriction preferentially affects large cerebral arteries, whereas ␤-adrenergic receptormediated vasodilatation occurs mainly in small cerebral vessels (1, 5, 6, 22) . Thus the sympathetic stimulation causes transient large cerebral artery constriction and small artery dilatation (6, 50) . We propose that CPT, especially in the first minute, may affect small arteries more than large cerebral arteries, and therefore CVR transiently decreases during the initial period of CPT, as shown in our study with no change in RC of RCCA, because the vasodilatation of small arteries or arterioles was more dominant than large artery vasoconstriction in brain.
AI is widely used as a surrogate measure of WR, but in the present study it did not correlate to either NA or RC. The variation trend of AI was also not in accordance with that of NA or RC at RCCA during CPT. That is because AI is a composite of all reflections (both central and peripheral WRs), and an identification of the point of inflection and magnitude of augmentation is influenced by the timing of WR (8, 33) . It will reflect the systemic arterial stiffness as well as the geometry and vasomotor tone of the arterial system (14, 32) . The relationship between AI and the arterial stiffness per se is complex, and AI can represent a global surrogate index of arterial behavior with influence of arterial function, including wall properties and WR, body height, and ventricular vascular coupling with a significant influence of HR. Although AI was substantially increased during the present CPT, which was in line with previous studies (12, 13, 15) , we postulate that the link between AI and DVR is weak because AI can be affected not only by WR but also by the stiffness of both proximal and distal arteries, and the endothelial nitric oxide pathway may also influence AI (7) . A cold-induced reduction in nitric oxide availability, in conjunction with cold-induced vasoconstriction, may partly be responsible for the cold-induced changes of AI (12) . The major determinants of AI are PWV, reflection distance, and, to a lesser degree, HR and RC (51) . There is a recent study demonstrating that AI is principally determined by aortic reservoir function and other elastic arteries and only to a minor extent by WR (10) . WIA gives a robust measure of WR, and our study provided clear evidence for increased WR at RCFA and no change of WR at RCCA during acute CPT. According to these results, we speculate that the increase in AI of RCCA during CPT mainly reflects the changes of the mechanoelastic properties of the vessels, which is little affected by the intensity of WR due to CVR. Just because AI has many potentially influential factors, the variabilities of AI at RCCA and RCFA were both too high to be proper for quantitative analysis in the present study (Table 3) .
Limitations and Perspectives
Our study had some limitations. 1) Arterial pressure waveforms and the maximum and minimum pressure vary with the site in the arterial system according to amplification of the pressure pulse along the arterial tree (42) . The brachial PP remained unchanged during CPT, which was in agreement with a previous study (12) that has demonstrated no change in brachial PP but a marked increase in central PP when exposed to the cold. Therefore, a potential source of error was the calibration of the carotid and femoral BP directly to the brachial BP. Although this may introduce a small error, this strategy has been applied in a number of previous noninvasive studies. 2) Although the similarity between carotid arterial pressure waveforms recorded with a catheter-tipped micromanometer and carotid arterial diameter-change waveforms recorded by echo tracking in humans has been reported (54) , and the carotid arterial pressure-diameter relationship can practically be regarded as being linear, the femoral arterial pressurediameter relationship may show marked nonlinearity and hysteresis, and this will hinder the accuracy of WI measured at RCFA in the present study.
3) The lack of continuous beat-bybeat BP recording may influence the reliability of WI indexes. Future studies with continuous BP recording may resolve this drawback. 4) We intended to measure RC at the RICA for direct assessment of CVR, but the extracranial segment of RICA was often too short for stable WIA procedures and the study was not conducted. 5) We did not perform a similar investigation on long-term exposure to cold because the ethical approval was not granted.
In conclusion, WIA is a very promising technique to examine the general state of the cardiovascular system, because each part of the system influences the WI profile. We have described important differences in wave speed, hydraulic work, and wave patterns among the carotid and femoral arteries of normal volunteers using this noninvasive technique. Wave transmission in peripheral arteries is a complex interaction of forwardand backward-traveling compression and expansion waves produced by the heart or generated by reflections. Our study provides evidences that RC from WIA is modified mainly by DVR and can provide more sufficiently reliable information about changes in distal vasomotor tone or DVR than NA and AI per se. Future research is needed to better evaluate the validity, reliability, and sensitivity of RC in reflecting DVR under other circumstances and to determine its clinical significance. Thus it would be desirable for more physiological experiments and clinical studies to be designed to test our results and conclusions. After much further work has been accomplished, RC from WIA may prove useful in the detection and characterization of the abnormality in vascular resistance or vasomotor tone.
